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ABSTRACT 

We present X-ray, UV/optical, and radio observations of the stripped-envelope, core-collapse su- 
pernova (SN) 201 lei, one of the least luminous SNe lib or lb observed to date. Our observations 
begin ■with a discovery "within ^ 1 day of explosion and span several months after"ward. Early optical 
spectra exhibit broad. Type Il-like hydrogen Balmer profiles that subside rapidly and are replaced by 
Type Ib-like He-rich features on the timescale of one "week. High-cadence monitoring of this transition 
identifies an absorption feature around 6250 A to be chiefly due to hydrogen, as opposed to C II, 
Ne I, or Si II. Similarities bet-ween this observed feature and several SNe lb suggest that hydrogen 
absorption attributable to a high velocity (> 12,000 km s~^) H-rich shell is not rare in Type lb 
events. Radio observations imply a shock velocity of w w 0.13c and a progenitor star mass-loss rate 
of M w 1.4 X 10~^ Mq yr~^ (assuming -wind velocity = 10^ km s~^). This is consistent -with 
independent constraints estimated from deep X-ray observations -with Swz/t-XRT and Chandra. We 
flnd the multi-'wavelength properties of SN 201 lei to be consistent -with the explosion of a lo^wer-mass 
(3 — 4 Mq), compact (i?* ~ 1 x 10^^ cm). He core star. The star retained a thin hydrogen envelope at 
the time of outburst, and was embedded in an inhomogeneous circumstellar -wind suggestive of mod- 
est episodic mass-loss. We conclude that SN2011ei's rapid spectral metamorphosis calls attention to 
time-dependent classifications that bias estimates of explosion rates for a subset of Type lib and lb 
objects. Further, that important information about a progenitor star's evolutionary state and associ- 
ated mass-loss in the days to years prior to SN outburst can be inferred from timely multi-'wavelength 
observations. 

Subject headings: supernovae: general — supernova: individual (SN 201 lei) 
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1. INTRODUCTION 

Core-collapse supernovae (SNe) are traditionally de- 
fined by their sp ectroscopic properties in the optical (see 
IFihDpenkol [19971 for review). SNe Type II show hydro- 
gen lines at all epochs. SNe Type lb do not show hy- 
drogen lines, but do show conspicuous He features, and 
SNe Type Ic show neither H nor He. These classifications 
are thought to reflect compositional differences in the en- 
velopes of the massive progenitor stars immediately prior 
to explosion. The envelopes of SNe lb are H-deficient 
while those of SNe Ic are both H- and He-deficient. 

However, exceptions and transitional subtypes exist 
that blur these formal classifications. Observations of SN 
1987K (Filippcnko 1988) showed a gradual transition in 
its optical spectra from Type Il-like lines at photospheric 
epochs (< 2 months post-outburst) to Type Ib-like fea- 
tures at nebular epochs (> 5 months). This remark- 
able spectroscopic evolution demonstrated the existence 
of an intermediary between the H-rich Type II and H- 
deficient Type lb and Ic c lasses (hereafter Type Ibc). 
SN 1993 J (Fi lippenko et al.iri993. ') was a well-studied ad- 
ditional example of this breeching of SN classifications 
and has com e to be thought o f as a prototype of SNe 
Type lib (W ooslev et allll99l . Like the SNe Ibc ob- 
jects, SNe lib are believed to be massive stars but only 
partially stripped of their outer H-rich envelopes. 

The entire class of SNe lib and Ib c are collectively 
known as "stripped-envelope" events (jClocchiatti et al.l 
I1997D . The degree of H and He envelope deficiency is 
believed to be the consequence of varying degrees of a 
SN progenitor star's mass-loss. Potential mechani sms for 
mass- loss include steady winds (Puis et al."2008!), erup- 
tive mass-loss episodes (Smith fc Owocki.2006i) . or mass 
transfer due to Roche lobe overfl ow in a close binary 
system (jPodsiadlowski et"aI]|1992D . It is an open issue 
which of these processes dominate, and whether these 
processes occur in relatively high-mass single stars (M > 
20 M0), from lower-mass progenitors {M > 10 Mq), or 
a mixture of both. 

The wide diversity in a small number of well-observed 
objects has complicated attempts at establishing firm 
connections between SN subtypes and their progeni- 
tor systems. This has been particularly the case for 
the inferred progenitors of SNe lib, which have been 
quite varied among a few nearby cases. For example, 
late-time spectroscopic and photometric observations of 
SN 1993J showed compelling evidence for a massive bi- 
nary companion to the red supergiant progenitor star 
(jMaund et al.l I2004D . However, pre-explosion imaging 
with the Hubble Space Telescope of SN 2008ax suggest 
that it most likely came from a more compact progeni- 
tor, such as a single massive Wolf-Rayet ( WR) star or an 
intera cting binary in a low-mass cluster (jCrockett et al.l 
l2008f ). Most recently, there has been considerable dis- 
course about a yellow supergiant discovered in pre- 
explosion imaging at the location o f SN2011dh and its 
viability as a candidate progenitor (iMaund et al.l [20111: 
Van Dvk et al.ll2011|:IArcavi et aLpOllU Soder berg et al.l 

" ^ ]2qT1 . 
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From a statistical standpoint, the relatively high 
frequency of stripped-envelope SNe (^30 per cen t of 
all core-collapse events by volume; iLi et al.l 120111 ) in 
combination with ongoing non-detections of progeni- 



Figure 1. SN 201 lei around the time of maximum light in its 
host galaxy NGC 6925. This composite image was created from 
several exposures obtained with the 0.35-m telescope at Parkdale 
Observatory using R, G, B, Ha, and clear filters. 



tor stars in pre-explosion imaging (jSmartti 120091) argues 
that at least some progenitor sce narios must involve 
mass i ve stars in binary systems (Podsiadlowski et aLl 
1992t iFrver et a l. 2007; Eldridgc ct al. 2008; Smith et al] 



20 111) . Observational and theoretical investigations have 



suggested binary mass-loss scenarios that could lead to 
a spectrosc opic sequence of SN types from lib — >■ lb 



Ic (e.g.. iFili ppenko et al.l 11994 . 'Woos lev et al. 



Nomoto et aiT [!995: Hc ger et all 12 003: Y oon et al 

Jloni). [ 



Dessart et al 



1994; 



2010; 



Chevalier fc Soderberd ([201ofl 
point out that the sequence may only be applicable for 
a subset of this population in light of optical and radio 
data that favor a division among SNe lib progenitors be- 
tween objects like SN 1993 J that have extended envelopes 
(i?* ^ 10^^ cm; referred to as Type "ellb"), and others 
like SN2008ax that are more compact (i?, ~ 10^^ cm; 
Type "cllb"). They argue that Type cllb closely resem- 
ble Type lb, and that the two subtypes may be related 
by a gradual transition depending on remaining H mass. 

One key consequence of the proposed stripped- 
envelope sequence is that a thin hydrogen layer is ex- 
pected to be present in many SNe lb progenitors at the 
pre-supernova stage, and it is theorized that it may be 
possible to see hydrogen in their early spectra. Thus, the 
detection of hydrogen absorption lines at high velocity in 
SNe lb is important because of its implications for the 
nature and evolutionary stage of the progenitor stars. 

However, the presence of hydrogen observed in SNe 
lb remains somewhat uncertain. Reports of suspected 
high-velocity (> 12,000 km s~^) hydrogen absorp- 
tion around 6250 A exist; e.g., SN1999dn, SN2000H 
([Branch et al."'200^ ; SN2005bf (Anuparnaetap |200l 
[fblatelli et al. 2qoa: iParrent et al. 2007), and SN2008D 
(jSoderberg et 311120081 ). Alternative line identifications, 
however, have been offered. For instance, C II A6580, 
being less than 800 km s~^ to the red o f Ha, has been 
considered a plausible identification fe.g.. lHarkness et al.l 
,1987; .Deng et al.. .2000. ). and Si II A6355 and Ne I 
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Table 1 

Combined Swift-VYOT and PROMPT photometry of SN 201 lei 



JD 




Swift-VVOT 






PROMPT 




-2400000 


uvwl 


u b 


V 


B 


V R 


I 



55769.73 
55770.65 
55776.82 
55776.84 
55777.71 
55778.52 
55779.25 
55779.32 
55780.64 
55782.61 
55783.14 
55783.75 
55783.77 
55784.68 
55785.58 
55788.13 
55788.70 
55788.96 
55789.30 
55789.66 
55791.03 
55791.44 
55792.04 
55792.23 
55792.63 
55794.01 
55794.48 
55794.59 
55795.18 
55795.73 
55796.13 
55796.59 
55798.09 
55798.72 
55800.13 
55802.11 
55802.74 
55804.04 
55805.77 
55805.98 
55808.15 
55819.61 



19.264 0.058 18.786 0.104 

18.445 0.065 18.087 0.024 18.127 0.049 



16.67 0.06 17.63 0.07 17.58 0.11 

17.95 0.07 

18.31 0.12 16.75 0.09 17.86 0.11 

17.53 0.21 

16.67 0.07 17.44 0.08 

17.410.15 

17.91 0.10 16.61 0.08 17.38 0.08 17.31 0.14 

17.10 0.12 

16.70 0.07 17.38 0.08 



17.90 0.13 

17.82 0.09 

17.91 0.10 
17.90 0.10 

18.04 0.16 



18.31 0.11 17.27 0.10 17.48 0.09 16.99 
18.40 0.12 17.44 0.11 17.48 0.09 



18.56 0.13 17.55 0.12 17.49 0.09 
18.49 0.13 17.64 0.13 17.61 0.09 



18.43 0.12 

18.74 0.23 
18.61 0.18 



18.93 



18.94 



18.95 



19.04 



0.16 



0.12 



18.12 



18.70 



19.12 



0.12 19.59 



0.12 20.05 



0.15 17.84 
0.23 18.15 

0.29 18.41 
18.61 

0.43 

18.92 

0.63 



19.27 



19.98 0.67 



17.07 



17.17 



0.10 
0.12 

0.15 
0.16 

0.19 
0.25 



0.11 
0.10 
0.11 



17.381 0.020 17.031 0.013 16.866 0.011 16.729 0.019 
17.362 0.017 17.020 0.017 16.846 0.012 16.695 0.021 
17.422 0.019 17.006 0.025 16.813 0.022 



17.636 0.018 17.006 0.019 16.796 0.013 16.575 



18.345 
18.508 

18.915 
19.131 



0.031 17.354 
0.038 17.497 

0.054 17.721 

0.242 17.980 
18.185 



0.019 16.950 

0.027 16.999 

0.022 17.085 

0.034 17.210 

0.023 17.297 



0.019 16.626 

0.018 16.674 

0.015 16.765 

0.017 16.846 

0.017 16.973 



0.021 



0.026 
0.022 

0.019 

0.018 
0.017 



18.337 0.055 17.552 0.020 17.167 0.024 



Note. — Uncertainties are adjacent to measurements and are at the 68% confidence level. 



A6402 have also been suggeste d (iHamuv et alj 120021 : 
iTanaka et aT1[200l Eianch 1972; IBenetti et al.ll2002D . 

The ambiguous identification of hydrogen in SNe lb 
may be a consequence of current limitations in spectro- 
scopic follow-up of SN candidates. Because spectra of 
SNe shortly after outburst are relatively rare, there is 
the possibility that SNe lib vs. lb (vs. Ic?) classification 
m ay be biased by the tim e of observation (see d iscussions 
bv lBranch et al.ll2002l and lChornock et al.il2011[ ). Indeed, 
precise rates of these events may be compromised by the 
dearth of early-time spectroscopic and photometric ob- 
servations several days prior to maximum light when the 
SN is faint and the photosphe re still resides in the outer 
layers of the progenitor star (jPessart et al.l[20Tll ). Al- 
most half of the ejecta mass may have passed through 
the photosphere by the time peak brightness is reached, 
thus observations within a few days of explosion offer 
useful constra ints on the progen itor star's current evolu- 
tionary state ()Yoon et al.ll2010[ ). 

Our discovery and subsequent monitoring of SN2011ei 
is an example of the utility of very early data. Dis- 
covered in NGC 6925 on July 25.434 UT (all future 



dates also in UT; see Figure [T]), early optical spectra 
of SN 201 lei initially showed line features similar to the 
Type lib SN 1993J and SN1996cb, but with a notice- 
ably broader H-alpha P-Cygni p rofile reminiscent of the 
energetic Type lib SN 2003bg (jStritzinger et al.l 120111: 
iMilisavlievic et aLll2011[ ). However, spectra taken ap- 
proximately one week later showed rapid evolution away 
from strong hydrogen features to conspicuous Type Ib- 
like helium absorptions. 

This rapid change in SN2011ei's spectral properties 
along with a contemporaneous radio detection moti- 
vated a coordinated, multi-wavelength monitoring pro- 
gram presented here. In Section[2l|3l|4l and[5]we present 
and analyze X-ray, ultraviolet (UV), optical, and radio 
observations from Swift, Chandra, and ground-based ob- 
servatories including the Southern African Large Tele- 
scope (SALT), Magellan, and the Karl G. Jansky Very 
Large Array (VLA). In Section IH] we discuss the implica- 
tions these findings have for SN2011ei's progenitor star 
and its mass- loss history. Finally, in Section [71 we sum- 
marize our findings and discuss their relevance to a wider 
subset of stripped-envelope core-collapse SNe. 
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Table 2 

PROMPT photometry of the local sequence stars in the field of NGC 6925 



No. 



RA(J2000.0) DEC(J2000.0) 



B 



R 



1 


20 


:34: 


31 


.425 


-31 


:55: 


:37, 


.13 


15 


.350 


0. 


.023 


14, 


.658 





.033 


14, 


.268 


0, 


.036 


13 


.898 


0, 


.081 


2 


20: 


:34: 


:28, 


.104 


-31 


:55: 


:54. 


.40 


17, 


.904 


0. 


.031 


17, 


.183 


0, 


.027 


16. 


.758 


0. 


.025 


16, 


.380 


0. 


.025 


3 


20: 


:34: 


:26, 


.771 


-31 


:57: 


:32, 


.56 


15, 


.680 


0. 


.015 


14, 


.989 


0, 


.027 


14, 


.574 


0, 


.037 


14, 


.220 


0, 


.048 


4 


20 


:34: 


37, 


.298 


-31 


:59: 


:10, 


.83 


16 


.843 


0. 


.012 


16 


.105 





.034 


15, 


.666 


0, 


.044 


15 


.235 


0, 


.048 


5 


20 


:34: 


35 


.922 


-31 


:59: 


:48. 


.73 


17, 


.746 


0. 


.023 


17, 


.335 





.031 


17. 


.027 


0. 


.045 


16 


.724 


0. 


.046 


6 


20 


:34: 


37, 


.883 


-32 


:00: 


:03, 


.00 


17, 


.721 


0. 


,028 


17, 


.053 





.031 


16, 


.660 


0, 


.017 


16 


.283 


0, 


.029 


7 


20 


:34: 


35 


.853 


-32 


:00: 


:08, 


.29 


17, 


.139 


0. 


,057 


16 


.464 





.039 


16, 


.041 


0, 


.028 


15 


.682 


0, 


.062 


8 


20 


:34: 


35 


.118 


-32 


:00: 


:55. 


.90 


17, 


.349 


0. 


.029 


16 


.411 





.024 


15. 


.858 


0. 


.048 


15 


.404 


0. 


.064 


9 


20 


:34: 


32 


.157 


-32 


:01: 


:06, 


.60 


17, 


.927 


0. 


.011 


17, 


.396 





.035 


17, 


.065 


0, 


.033 


16 


.720 


0, 


.046 


10 


20: 


:34: 


32, 


.166 


-32: 


:01: 


:22. 


.16 


17, 


.658 


0. 


.062 


17, 


.061 


0, 


.052 


16. 


.690 


0. 


.040 


16, 


.344 


0. 


.046 


11 


20 


:34: 


32 


.923 


-32 


:01: 


:43. 


.05 


18 


.444 


0. 


.020 


17, 


.061 





.018 


16. 


.129 


0. 


.046 


15 


.359 


0. 


.078 


12 


20 


:34: 


33 


.090 


-32 


:02: 


:17, 


.52 


17, 


.200 


0. 


.054 


16 


.363 





.034 


15, 


.877 


0, 


.045 


15 


.429 


0, 


.063 


13 


20 


:34: 


31 


.201 


-32 


:02: 


:05. 


.58 


18 


.535 


0. 


.158 


17, 


.278 





.037 


16, 


.383 


0. 


.062 


15 


.722 


0. 


.063 


14 


20 


:34: 


31 


.086 


-32 


:03: 


:03. 


.46 


18 


.073 


0. 


.053 


17, 


.483 





.039 


17. 


.105 


0. 


.054 


16 


.738 


0. 


.024 


15 


20 


:34: 


25 


.617 


-32 


:02: 


:06, 


.45 


17, 


.324 


0. 


.052 


16 


.661 





.033 


16, 


.249 


0, 


.049 


15 


.902 


0, 


.072 


16 


20 


:34: 


26 


.544 


-32 


:00: 


:29, 


.45 


17, 


.576 


0. 


.026 


16 


.749 





.036 


16, 


.264 


0, 


.046 


15 


.835 


0, 


.073 


17 


20 


:34: 


24, 


.061 


-32 


:00: 


:48. 


.81 


16 


.666 


0. 


.045 


15 


.924 





.044 


15. 


.477 


0. 


.046 


15 


.094 


0. 


.064 


18 


20 


:34: 


23 


.184 


-32 


:01: 


:34, 


.76 


18 


.284 


0. 


.047 


17, 


.222 





.044 


16, 


.590 


0, 


.033 


16 


.110 


0, 


.072 


19 


20 


:34: 


19 


.306 


-32 


:02: 


:19. 


.59 


15 


.962 


0. 


.029 


15 


.272 





.038 


14, 


.852 


0. 


.050 


14, 


.492 


0. 


.070 


20 


20: 


:34: 


18, 


.786 


-32: 


:01: 


:26, 


.81 


18, 


.255 


0, 


.012 


17, 


.336 


0, 


.064 


16, 


.765 


0, 


.069 


16, 


.343 


0, 


.033 


21 


20 


:34: 


14, 


.755 


-32 


:03: 


:33, 


.72 


18 


.784 


1. 


.180 


17, 


.378 





.044 


16, 


.967 


0, 


.047 


16 


.621 


0, 


.085 


22 


20 


:34: 


12 


.242 


-32 


:03: 


:10. 


.87 


16 


.758 


0. 


.043 


15 


.789 





.024 


15. 


.227 


0. 


.051 


14, 


.758 


0, 


.075 


23 


20: 


:34: 


:08, 


.874 


-32: 


:02: 


:50, 


.79 


15, 


.787 


0. 


.016 


14, 


.658 


0, 


.029 


13, 


.920 


0, 


.051 


13, 


.372 


0, 


.080 


24 


20: 


:34: 


:00, 


.474 


-32: 


:02: 


:38, 


.43 


17, 


.707 


0. 


.053 


16, 


.833 


0, 


.041 


16, 


.307 


0, 


.035 


15, 


.873 


0, 


.079 


25 


20: 


:33: 


:57, 


.672 


-32: 


:01: 


:02. 


.46 


16, 


.610 


0. 


.053 


15, 


.841 


0, 


.033 


15, 


.367 


0. 


.051 


14, 


.979 


0. 


.088 


26 


20: 


:34: 


:01, 


.183 


-32: 


:00: 


:02, 


.73 


16, 


.535 


0. 


.057 


15, 


.962 


0, 


.035 


15, 


.593 


0, 


.046 


15, 


.264 


0, 


.070 


27 


20: 


:34: 


00, 


.268 


-31: 


:58: 


:22. 


.97 


17, 


.099 


0. 


.028 


16, 


.428 


0, 


.030 


16. 


.014 


0. 


.051 


15, 


.648 


0. 


.062 


28 


20: 


:34: 


:01, 


.183 


-32: 


:00: 


:02. 


.74 


16, 


.535 


0. 


.057 


15, 


.962 


0, 


.035 


15. 


.593 


0. 


.046 


15, 


.264 


0. 


.070 


29 


20: 


:34: 


00, 


.266 


-31: 


:58: 


:22, 


.97 


17, 


.099 


0. 


.028 


16, 


.428 


0, 


.030 


16, 


.014 


0, 


.051 


15, 


.648 


0, 


.062 


30 


20: 


:34: 


:08, 


.158 


-31: 


:57: 


:16. 


.48 


16, 


.710 


0. 


.011 


15, 


.213 


0, 


.029 


14. 


.229 


0. 


.049 


13, 


.177 


0. 


.067 


31 


20: 


:33: 


59, 


.155 


-31: 


:57: 


:09. 


.43 


16, 


.886 


0. 


.037 


15, 


.662 


0, 


.026 


14. 


.842 


0. 


.022 


14, 


.274 


0. 


.077 


32 


20: 


:34: 


:08, 


.192 


-31: 


:56: 


:53, 


.97 


17, 


.899 


0. 


.011 


17, 


.300 


0, 


.013 


16, 


.881 


0, 


.010 


16, 


.549 


0, 


.054 


33 


20: 


:34: 


:07, 


.231 


-31: 


:56: 


:43. 


.23 


17, 


.737 


0. 


.026 


17, 


.125 


0, 


.043 


16, 


.745 


0, 


.036 


16, 


.382 


0. 


.052 


34 


20: 


:34: 


06, 


.013 


-31: 


:55: 


:43. 


.34 


15, 


.450 


0. 


.034 


14, 


.718 


0, 


.032 


14, 


.296 


0, 


.043 


13, 


.918 


0. 


.080 


35 


20: 


:34: 


10, 


.459 


-31: 


:55: 


:13, 


.60 


15, 


.872 


0. 


.028 


15, 


.244 


0, 


.045 


14, 


.878 


0, 


.044 


14, 


.508 


0, 


.062 


36 


20: 


:34: 


:17, 


.120 


-31: 


:56: 


:23. 


.58 


17, 


.916 


0. 


.102 


17, 


.413 


0, 


.060 


17. 


.027 


0. 


.051 


16, 


.678 


0. 


.035 



Note. — Uncertainties are adjacent to measurements and are at the 68% confidence level. 



2. OBSERVATIONS 
2.1. Distance and Reddening 

Located at coordinates a = 20'^34'"48!88 and S = 
-32°58'23'.'6 (J2000.0), SN2011ei is situated in projec- 
tion along the outer periphery of its host spiral galaxy 
NGC 6925. Estimates of the distance to NGC 6925 via 
TuUy-Fisher measurements range between 23.3 Mpc and 
35.2 Mpc (jWiUick et al.lll997f ). For all calculations we 
adopt a distance D » 28.5 Mpc and a distance modulus 
II = 32.27 ± 0.43 (ISprineob et al.l[2009l) . 

The reddening due to the Milky Way in the direc- 
tion of NGC 6925 is E{B - F)^,, = 0.059 mag accord- 
ing to the infrared dust maps of 'SchlegelefaU (pM ). 
NGC 6925 is highly inclined which would suggest pos- 
sibly significant local extinction along its disk plane. 
The supernova, however, appears to lie on the galaxy's 
near side. We used the empirically derived relation be- 
tween equivalent width (EW) an d of Na ID a bsorp - 
tion and E{B - V) described in iTuratto et all (|2003[ ) 
to estimate the host extinction (though for a discus- 
sion of possible proble ms with this relationship, see, e.g., 
iPoznanski erall[20TTI ). The EW(Na I D) = 1.14 ± 0.10 
A absorption at the redshift of NGC 6925 determined 
from the weighted average of five spectra suggests an in- 
ternal extinction of E{B — V)host = 0.18 mag. Combin- 
ing the inferred host and Galactic extinction, we adopt 
a total reddening E{B — V) — 0.24 mag and assume 



Ry = Av/E{B -V) ^ 3.1. However, in Section [3] we 
show that this estimate of the reddening is likely an up- 
per limit. 

2.2. X-ray Observations with Swift-XRT and Chandra 

We promptly requested X-r ay observations from the 
Swift spac ecraft (iGehrels et al. 2004) using the XRT in- 
strument (iBurrows et all 12005.) beginning 2011 August 
3.2. The total exposure time was 54 ks. Data were ana- 
lyzed using the latest version of the HEASOFT package 
available at the time of writing (v. 6.11) and correspond- 
ing calibration files. Standard filtering and screening cri- 
teria were applied. No X-ray source is detected coinci- 
dent with SN 201 lei with a 3 sigma upper limit of 4 x 
10-3 cs-i in the 0.3-10 keV band. The Galactic neutral 
hydrogen column de nsity in the direction of SN2011ei 
is 4.76 X 102°cm-2 (jKalberla et al.l 120051 ). Assuming 
a spectral photon index F = 2, this translates to an 
absorbed (unabsorbed) flux of 1.4 x lO"^'^ ergcm"^ s"^ 
(1.6x 10~^'^ergcm~^ s~^), corresponding to a luminosity 
of 1.5 x lO'^^ergs-i. 

From the Swift-XWT images. X-ray contamination 
from the host galaxy nucleus is clearly identified at the 
SN site. Consequently, a 10 ks Chandra X-ray Obser- 
vatory observation was also obtained on 2011 August 21 
to resolve SN emission from the host galaxy nucleus (PI 
Soderberg, Prop. 12500613). Data were reduced with 
the CIAO software package (version 4.3) with calibra- 
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tion database CALDB (version 4.4.2). Standard filtering 
using CIAO threads for ACIS data were applied. 

Consistent with the Swift-^KT observation, no X-ray 
source is detected at the SN position in the Chandra 
observation with a Scr upper limit of 7.6 x 10~''cs~^ 
in the 0.5-8 keV band. From the count-rate an ab- 
sorbed flux limit of 5.5 x 10~^^ ergs~^cm~^ is de- 
rive d. Using the Galactic relations betwe en Nh and 
Av (IPredehl fc SchmittI [l99l IWatsonll20ll . an intrin- 
sic hydrogen column density Nnfint] ~ 1-5 x 10^^ cm^^ 
is inferred. Accounting for the total absorption (Galac- 
tic plus intrinsic) leads to a unabsorbed fiux limit of 
7 X 10^^^ ergs~^cm~^ (assuming a simple power-law 
model with spectral photon index F = 2), corresponding 

to an X-ray luminosity of Lx[o.5-8fceV] < 7x lO'^^ergs"^. 
By comparison, X-ray emission at similar epochs from 
a SN lib such as SN1993J would have been detected 
{Lx[o.3-8keV] ~ 8 X 10^^ erg s~-^), whereas the emission 
from an object like SN2011dh (Lx[o.3-8fceV] « 1-5 x 10^* 
erg s ~^) would not have been detected (jSoderberg et al.l 

mm- 

2.3. Ultraviolet and Optical Photometry 

UV/optical obser vations of SN2011e i with the Swift- 
UVOT instrument (jRoming et al.ll2005[ ) began 2011 Au- 
gust 3.2 and continued through to 2011 September 10.9. 
Data were acquired using all of its six broad band fil- 
ters that span the wavelength range of approximately 
1600 - 6000 A. The Swift-\JYOT photometry presented 
in Table [J is based on the photometric system described 
in iPoole et"aLl ()2008[ ). In this system the Swift b and 
V filters are roughly equivalent to t he standard John son 
Kron-Cousins B and V filters (see IPoole et al.l 120081 for 
details) . 

We analyzed the Swift-\j yOT photoinetric d ata fol- 
lowing the prescriptions of I Brown et al.l (|2009D . A 3" 
aperture was used to maximize the signal-to- noise (S/N) 
ratio. Late-time images acquired 2012 March 27 - April 
6 have been used to estimate and remove the underly- 
ing host galaxy contribution. Observations beyond 2011 
September 08 are not reported because supernova emis- 
sion at these epochs was comparable to the underlying 
host galaxy. Also not reported are observations in the 
uvw2 and uvm2 filters where the SN was not detected 
with significant S/N. 

Imaging in the Johnson Kron-Cousins BVRI filters 
was acquired with the Panchromatic Robotic Opti- 
cal Monitoring and Polarimetry Telescope (PROMPT; 
iReichart et alJl2005D PR0MPT3 and PR0MPT5 located 
at Cerro Tololo Inter-American Observatory. All opti- 
cal images were dark subtracted and flat-field corrected. 
Frames taken with the same fllter were alienated and 
staked in order to produce a final deeper image. The 
instrumental magnitude of the SN was measured in all 
the stacked frames using the PSF technique after being 
corrected for contaminating host emission via late-time 
template images. SN photometry was then calibrated 
against a sequence of stars located close to the SN. This 
local sequence, with magnitudes reported in Table [21 was 
calibrated to the standard Johnson Kr on-Cousins pho- 
tome tric systems using observations of iLandolti ()1992l 
|2007[) standard stars. The final magnitudes are reported 
in Table m 



In addition to Swift-\]YOT and PROMPT photome- 
try, we estimate an apparent magnitude i?=18.0±0.4 
on 2011 July 25.434 (JD 2455767.93) based on unfil- 
tered discovery images of the SN. The data were ob- 
tained with the 0.35-m Celestron telescope equipped with 
a KAF-3200ME camera at Parkdale Observatory, Can- 
terbury, New Zealand. After fiat-fielding and correcting 
for the bias and dark current levels, SN emission was cal- 
ibrated against field comparison stars of the USNO-B 1.0 
star catalog and then converted to the standard Johnson 
Kron-Cousins R value. 

2.4. Optical Spectroscopy 

A total of 15 epochs of long slit optical spectra of SN 
2011ei were collected. The details of all observations are 
provided in Table [3] and the reduced spectra are plot- 
ted in Figure [21 Most observations were made at SAAO 
Observatory with the 10-m Southern African Large Tele- 
scope (SALT) using th e Robert Stobie Spectrograph 
(RSS: lBurgh"eFaI|[2003l ). The holographic grism pg0900 
was used at combinations of four tilts to span a wave- 
length window of 3200 - 9000 A and cover gaps between 
CCD detectors. On chip CCD 4x4 binning in the spec- 
tral and spatial directions was employed, yielding a dis- 
persion of 1.96 A pixel"^ and w 6 A full-width-at-half- 
maximum (FWHM) resolution. An atmospheric disper- 
sion corrector minimized the effects of atmospheric re- 
fraction for all observations which were made generally 
around an airmass of 1.2. Conditions were mostly non- 
photometric with a median seeing around 1'.'3. 

Additional spectra were obtained using a variety of 
telescopes and instrumental setups. Both the Magellan 
6.5-m Baade and Clay telescopes located Las Campanas 
Observatory were used with the IMACS ([Bigelow et al.l 
|1998() and LDSS-^| instruments, respectively. The 3.6-m 
New Technology Telescope (NTT) located at La Silla was 
used with the EFOSC^ instrument, and the Southern 
Astrophysical Research (SOAR) 4.1-m telescope located 
at Cer ro Pachon was used with the Goodman spectro- 
graph ([Clemens et al.ll2004[ ). 

Reduction of all spectra followed standard procedures 
using the IRAF/PyRAF software. SALT data wer e first 
proce ssed by the PySALlO pipeline (see [Crawford et aD 
|2010( ). Wavelength calibrations were made with arc 
lamps and verified with the night sky lines. Rela- 
tive fiux calibrations were made from observatio ns of 
spect rophotometric s tanda rd stars from lOk j ([1990D and 
Ham uv et al.l ([19921 [19941) . Gaps between CCD chips 
have been interpolated in instances when dithering be- 
tween exposures was not possible, and cosmetic defects 
have been cleaned manually. 

A recession velocity of 2780 km s~^ determined from 
coincident nebular Ha emission has been removed from 
the presented spectra. This velocity is in agreement with 
a previous measuremen t of 2792 ± 4 km s^^ reported by 
iKoribalski eFall ([200l using radio H I lines from the 
host NGC 6925. 

2.5. Radio Observations with the VLA 

^ http: / / www. Ico.cl / telescopes-information / magellan / instruments- 
l/ldss-3-1/ 

http:/ /www. eso.org/sci/facilities/lasilla/instruments/efosc/ 
http://pysalt.salt.ac.za/ 
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Table 3 

Summary of optical spectroscopic observations of SN2011ei 



Date 


JD 


Phase'' 


Wavelength Range 


Resolution'' 


Telescope/ 


Exposure 


(UT) 


-2400000 


(days) 


(A) 


(A) 


Instrument 




2011 Jul 29 


55772.32 


-14 


3200 - 9000 


6 


SALT/RSS 


2 X 300 


2011 Aug 02 


55776.33 


-10 


3200 - 9000 


6 


SALT/RSS 


2 X 300 


Om 1 \ tin- Afi 

zUil Aug UO 


oo/oU.ol 


-0 


Qonn onnn 
ozUU — ylJUU 


D 


oAiji /iXoo 


z X OUU 


2011 Aug 08 


55782.30 


-4 


3400 - 8800 


6 


SALT/RSS 


1 X 600 


2011 Aug 09 


55783.30 


-3 


5900 - 9000 


6 


SALT/RSS 


1 X 600 


2011 Aug 16 


55789.54 


3 


3400 - 9000 


6 


SALT/RSS 


2 X 600 


2011 Aug 21 


55794.62 


8 


3600 - 8900 


13 


SOAR/Goodman 


3 X 450 


2011 Aug 26 


55799.50 


13 


3400 - 9000 


6 


SALT/RSS 


1 X 600 


2011 Aug 29 


55803.48 


17 


3400 - 9000 


6 


SALT/RSS 


1 X 600 


2011 Sep 20 


55824.43 


38 


3500 - 9500 


4 


Magellan/IMACS 


1 X 900 


2011 Sep 30 


55834.63 


48 


3800 - 9400 


6 


Magellan/LDSS3 


3 X 900 


2011 Oct 18 


55852.55 


66 


3700 - 9200 


18 


NTT/EFOSC2 


2 X 1800 


2011 Oct 24 


55859.34 


73 


3400 - 8800 


6 


SALT/RSS 


1 X 600 


2011 Nov 16 


55881.55 


95 


3800 - 8900 


13 


SOAR/Goodman 


2 X 2700 


2011 Nov 18 


55883.55 


97 


3500 - 9500 


4 


Magellan/IMACS 


1 X 1200 



Phase is with respect to V-band maximum on JD 2455786.5 (2011 Aug 13.0). 
^ FWHM of night sky emission lines. 



CO 

w 
c 
o 
o 




4000 5000 6000 7000 8000 
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9000 



Figure 2. Optical spectra of SN2011ei. Phase is with respect to F-band maximum. Telluric features have been marked with the "©" 
symbol. 
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Table 4 

VLA observations of SN 201 lei 



Date 


u 




Array 


(UT) 


(GHz) 




Config. 


2011 Aug 0.2 


5.0 


93 ± 25 


A 




25 


ion J— 1 /I n 
130 ± 140 




zUii Aug 0.2 


5.0 


1 /I Q J— Qfl 

143 ± 30 


A 

A 


zUii Aug (.2 


3.1 


37 i 45 


A 

A 




5.0 


22b ± oo 






8.5 


c; CO _L Q Q 




zUil Aug 12. z 


3.1 


143 lb 45 


A 




5.0 


289 ± 33 






8.5 


con 1 o o 

589 ± 38 




2011 Aug 17. o 


3.1 


289 ± 68 


A 

A 




5.0 


564 ± 33 






8.5 


/43 ± 38 




om 1 A oc; o 
2Uli Aug 2o.2 


3.1 


353 i 52 


A 

A 




5.0 


511 ± 74 




om 1 o „„ o 1 

iull bep 0.1 


3.1 


497 ± 65 


A 

A 




5.0 


2 (9 ± 50 






8.5 


182 ± 47 


■ 


zUll Uct 11. U 


5.0 


411 ± 22 


D 




6.8 


Q Q o J— 1 n 

332 ± 19 






8.4 


290 ± 26 




2011 Doc 3.9 


5.0 


256 ± 30 


D 




6.8 


168 ± 19 






8.4 


219 ± 19 




2012 Jan 29.8 


5.0 


272 ± 26 


C 




6.8 


197 ± 18 






8.4 


124 ± 20 




2012 Mar 10.6 


2.5 


268 ± 41 


C 




3.5 


330 ± 30 






5.0 


199 ± 20 






6.8 


116 ± 15 






8.4 


130 ± 16 





We also obtained radio observations of SN 201 lei be- 
ginning shortly after explosion. On 2011 August 3.2, we 
observed SN 2011ei with the Ka rl G. Jansky Very Large 
Array (VLA; iPerlev et al.ll201l[) at frequencies of ^ = 5 
and 25 GHz. Following a strong detection of radio emis- 
sion at 5 GHz (IChomiuk fc Soderberel[20llh . we initiated 
an VLA monitoring campaign at frequencies spanning 
2-9 GHz to obtain observations between August 2011 - 
March 2012 (PI Soderberg; lOC-168, llB-212). 

All VLA observations were obtained with the widest 
bandwidth available at any time during the commission- 
ing phase. Prior to 2011 October 1 this amounted to 
two 128-MHz wide sub-bands (total bandwidth of 256 
MHz), while we later utilized the total bandwidth of 2 
GHz at S- and C-bands; in the latter case the central 
frequencies were tuned to 5.0 and 6.8 GHz. Given that 
fully upgraded X-band receivers were not yet available, 
our observations at this band spanned 8.0-8.8 GHz. We 
used J2101-2933 as a phase-calibrator source and 3C48 
for flux calibration. Initial observations were obtained 
in the extended A-configuration while later observations 
were obtained in the compact C- and D-configurations. 

Data were reduced using the standard packages of the 
Astronomical Image Processing System (AIPS). In each 
observation, we fit a Gaussian to the source and ex- 
tracted the integrated flux density. For observations in 
the compact D-array we limited the uv-range (> 5 kA) 
to minimize contamination from diffuse host galaxy emis- 
sion. Our final flux density measurements for SN 201 lei 
are reported in Table ID 

3. PROPERTIES OF THE UV, OPTICAL, AND 
BOLOMETRIC LIGHT CURVES 
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22 


Swift • t\a-^ . 

PROMPT A — i 
.... 1 .... 1 .... 1 .. . 





-20 -10 10 20 30 



Phase [in days] 

Figure 3. Observed Swift-VVOT and PROMPT light curves of 
SN2011ei. Light curves have been shifted by indicated amounts 
for clarity. 



Table 5 

Epoch of maximum light and peak magnitude for the light 
curves of SN 201 lei 



Filter 


Peak Time 


Peak Time 


Peak Obs. 




(UT) 


(JD-2400000) 


(m(A)max) 


uvwl 


2011 Aug 05.0 


55778.5 ±2.0 


17.8 ±0.10 


u 


2011 Aug 06.0 


55779.5 ±1.5 


16.6 ±0.10 


B 


2011 Aug 10.0 


55783.5 ±2.0 


17.4 ±0.05 


V 


2011 Aug 13.0 


55786.5 ±1.5 


17.0 ±0.05 


R 


2011 Aug 13.5 


55787.0 ±1.5 


16.8 ±0.07 


I 


2011 Aug 16.0 


55789.5 ±1.5 


16.6 ±0.07 




-20 -10 10 20 30 40 



Phase [days] 

Figure 4. V-band absolute light curve of SN2011ci compared 
to hght curves of Type lib and lb objects: SN 1999ox (Type lb; 
[Stoitzinger et al. 2002 ), SN 1993J (Ty pe lib; Lewis et al. 1994), 
SN 2008ax (Typ e lib; iPastorello et a.l.|[200a). SN 1996cb (Tv pe lib; 
IQiu et al.|[T999l) . and SN2007Y (Type lb; IStritzinger etall feoogy 
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Figu re 5. The B — V color curves of SN 2011ei compared to tliose of otlier stripped- envelo pe SNe: SN 2008ax (Type lib: I Pas torell o et al.l 
|20M ), SN 2007Y (Ty pe lb; Stritzinger ct al. 2009), SN 1993J (Type lib; Lewis ct al][l99l), SN 1999ex (Type lb; [Stritzingcr et al. 2005), 



SN 1996cb (Type IIb; lQiuet al. 1999), and SN 2008D (Type Ib; ,Mazzali ct al. 2008:, ). On the left are observed colors, and on the right are 
colors corrected for extinction. 



3.1. UV and Optical Light Curves and Colors 

Figure [3] shows the observed Swift-WOT and 
PROMPT hght curves of SN2011ei. The properties of 
these curves are presented in Table [5l The time and ob- 
served magnitude at maximum hght of each filter light 
curve were estimated with low-order polynomials. The 
average time to rise to peak brightness from the time 
of explosion ( texp) for SNe lib and lb in the ^-band i s 
A^cxp < 20 d (jRichardson et al.ll2006HDrout et al.ll201lD . 
Thus, our discovery observation is likely to have been 
obtained within ~ 1 day of outburst and we adopt an 
explosion date of July 25.0 hereafter. 

In Figure HI the absolute y-band light curve of 
SN 201 lei is compared with those of well observed 
SNe lib and lb. With a peak absolute magnitude of 
My ~ —16 mag, SN2011ei was approximately 2 mag 
below the mean peak absolute magnitudes of the entire 
class of stripped-e nvelope events (jRichardson et al.ll2006l : 
IDrout et al.ll201ll ). Other low-luminosity events include 



the T ype lb SN 2007Y (My = -16.5; IStritzingc r et al 
20091), and SN 2008D (My = -16.7: ISoderberg et al 



2008). 

A significant difference between SN2011ei and SN 
1993J clearly illustrated in Figure H is that SN2011ei 
does not show the prominent early-time peak exhibited 
by the light curve of SN 1993J. This peak is presum- 
ably attributed to the initial shock heating and subse- 
quent cooling of a low- mass envelope of a star with radius 
4 X 10^^ cm (iBa rtunov et al.l 119941: iShigevama et al.l 
119941: IWooslev et al.l Il994ll . The lack of a noticeable 
early-time rise suggests SN 201 lei had a smaller enve- 
lope than SN 1993J. The implications for the progenitor 
radius are further investigated in Section 13.41 

In Figure [5l the observed {B — V) color curve of SN 
201 lei with respect to y-band maximum is plotted along 
with those of other SNe lib and Ibc. Also shown are 
the same color curves corrected for extinction. Like 
SN1999exand SN2008ax, the (B-V) colors ofSN2011ei 
first become increasingly blue in the days immediately 
following outburst. Then, around 5-10 days before max- 
imum, the SN becomes redder with time and the colors 



increase monotonically. The majority of {B — V) color in- 
dices of SN 201 lei are somewhat bluer than those of other 
SNe after correction. This blue excess suggests that the 
adopted E{B — V) — 0.24 mag is likely an upper limit. 

3.2. Bolometric Light Curve 

The extinction-corrected Swift-VYOT and PROMPT 
light curves were combined to obtain a quasi-bolometric 
light curve (^^0^') 201 lei. Low-order polynomi- 

als have been used to interpolate the light curves. The 
total IJY+BVRI fiux was determined by summing the 
integrated fluxes of the different filters and uncertainties 
have been propagated following standard practice. 

The quasi-bolometric W+BVRI light curve was 
then transformed into a bolometric light curve as- 
suming ibo^' ^ O.SLboi- The remaining 0.2Lboi 
goes into unobserved near infrared emission. This 
estimate is in line with bolometric reconstructions 
of SNe lib and lb with extensive observations such 
as SN 2007Y (fSfa itzingcr ct al. 2009), SN 2 008ax 
(IPastorello et al] 12008; .Taubenberger et all 1201 ID. a nd 



SN 2008D (|Mazzali et al.ll2008t iSoderberg" et al 

The final bolometric light curve of SN 201 lei is shown 
in Figure [5] Also shown in the figure are the bolometric 
light curves of SN 1999ex, 1993J, 2007Y, and 2008D . The 
bolometric light curve peaks « 14.4 days after outburst 
with Lboi 7 X 10^^ergs-\ making SN2011ei one of 
the least luminous SNe Ilb/Ib observed to date. Among 
the closest in luminosity is SN 2007Y which peaked at 
Lboi - 1.3 X 10*2 



ergs 



3.3. Explosion Parameters 

Modeling of the bolometric light curve was used to in- 
fer the ejecta mass (Mgj), the nickel mass [Mmi) and the 
kinetic energy of the ejecta {Ek). Following the proce- 
dures of Valenti et al. (2008), we assumed the early-time 
(Aioxp < 40 d) light curve to correspond with the pho- 
tospheric regime and adopted a constant optical opacity 
fcopt = 0.07cm-^g~^ which is valid so long as electron 
scattering is the dominant opacity source and the ejecta 
are triply ionized (see, e.g.. iChugal,2000.) . At late times 
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Figure 6. Reconstructed bolometric ligh t curve of SN 2011ei com - 
pared to those of SN 2007Y (Ty pe lb; 'Stritzinger et al.l'2009), 
SN 2008D (Type lb; iMazzah et al. 2008), SN 1999cx (Type Ic; 
Stritzinger et 3,1.112003) . and SN 1993J (Type lib; .Richmond ct al. 



19941) . Plotted over the points for SN2011ei is the final best-fit 
curve used to determine explosion parameters. Phase is with re- 
spect to the peak of SN2011ei's bolometric light curve, which oc- 
curs on 2011 August 08.4 (JD 2456147.9). 

{Atexp > 40 d) the optical depth of the ejecta decreases 
and the observed luminosity is powered by 7-rays aris- 
ing from the ^^Co decay, 7-rays from electron-positron 
annihilation, and the kinetic energy of the positr ons 
(|Sutherland fc WheeledflQSl ICappellaro et al.lll99"7l) . 

From the above modeling scheme the following best- 
fitting parameters were derived: Mej '^1.6 Mq, Ek ~ 
2.5 X 10^1 erg, and Mm = 0.030 ±0.005 Mq. Our model 
under-predicts the observed luminosity at early times 
(Atoxp < 5 d). This suggests the presence of an addi- 
tional component of emission. We explore the possibility 
of cooling envelope emission following shock break-out in 
Section fel 

As an independent check we note that our best-fitting 
explosion parameters imply a photosphcric velocity, Wph, 
at peak luminosity of 



Vph 



10,000 kms" 



which is in agreement with the expansion velocities ob- 
served in the optical spectra (see Section H?T|) . A sepa- 
rate check of the Ni mass comes from a relationship be- 
tween Mjvi vs. peak abs o lute i ?-band magnitude {Mr) 
presented in lDrout et al.l (|2011| ). SN 201 lei's extinction- 
corrected peak of Mfl w —16.1 mag yields a model- 
derived Ni mass of Mat,; < 0.04 Mq, which is consistent 
with our result. 

3.4. Radius of the Progenitor Star 

The fortuitous discovery of SN 201 lei not long after 
outburst enabled us to trace the temporal evolution of 
the early optical emission (see Figure [3]) . As discussed 
by .Ensman fc Burrows. (1992i ) , the optical emission from 



core-collapse SNe in the first few days after explosion 
is dominated by adiabatic cooling of the outer enve- 
lope material following the break-out of the forward 
shock. This component can be roughly approximated 
by a blackbody spectrum with a radius and temperature 
determined by the ejecta p arai neters, Mp, and Eh (see 
iChevalier fc FranssonI 120081 and iNakar fc Sarill20Tol for a 
detailed discussion) . In turn, these parameters enable an 
estimate of the progenitor radius, i?,. 

The first i?-band detection of SN 201 lei was made 
shortly after explosion with luminosity, Lj^ w 2.4 x 
10^° ergs~^. This initial observation was used to con- 
strain the radius of the progenitor star by modeling the 
cooling envelope emi s sion, adopting the formalism of 
IChevalier fc FranssonI ()2008D . In this scenario, the tem- 
perature of the photosphere is 



Tph ~ 7800 E] 



fc,51 



0.25 A .-0.48 
,ll^'-exp 



and the photosphcric radius is 



i?ph w 3 X 10 



14 



RiO.39 



M, 



cj,0 



0.78 



(1) 



(2) 



Here we have normalized Ek^^i to 10 erg, Mej.© to Mq, 
to 10^^ cm, and Aicxp is in days since explosion^ 
For explosion parameters determined in Section 13.3! 
and the adopted explosion date 2011 July 25.0, 
the extinction-corrected discovery magnitude constrains 
i?* < 10^^ cm. This estimate is consistent with up- 
per limits on the progenitor radius derived from a simi- 
lar analysis of the first B- and T^-band detections ~ 2.5 
days after explosion (see Table[T]). Thus, the early optical 
emission points to a compact progenitor, similar to those 
of SN e Ibc and compact lib (,Chevalier fc SoderbergI 
l20T0t) . 




4000 5000 6000 7000 
Wavelength [Angstroms] 



8000 



9000 



Figure 7. Representative SYNAPPS fits to optical spectra of SN 
201 lei. Phase is with respect to V-band maximum. 



4. OPTICAL SPECTROSCOPY 

Properties of the optical spectra of SN 201 lei are 
described and compared with other stripped-envelope 
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3500 4000 4500 5000 5500 6000 6500 7000 
Wavelength [A] 

Figure 8. Attempted SYNOW fits of t = -14 d spectrum of SN 
201 lei. The blue fine represents the complete model and the red 
line represents the model only using hydrogen. Features blueward 
of 5000 A are fit reasonably well, but none of the models we tried 
fit the broad Ha profile. 

events below. The dates of spectroscopic observations are 
referenced as i = x, where x is the phase with respect to 
y-band maximum; negative numbers are pre-maximum, 
and positive numbers are post-maximum. 

Line identifications and estimates of expansion veloc- 
ities were made with the supernova spectrum synthesis 
code SYNOW. Manual and automated procedures employ- 
ing the recently updated versions of the software SYN++ 
in combination with SYNAPPS were used0 The basic as- 
sumptions of SYNOW include spherical symmetry, velocity 
proportional to radius, a sharp photosphere, line forma- 
tion by resonant scattering treated in the Sobolev ap- 
proximation, local thermodynamic equilibrium (LTE) for 
the level populations, no continuum absorption, pure res- 
onance scattering, and only thermal excitations. Fits are 
constrained by how we are able to best match absorption 
minimum profile s, as well as the rel ative strengths of all 
the features (see [Branch et al1l2002l for more description 
of fitting parameters and Thoma s et al.ll2011l for software 
details). Representative SYNAPPS fits are shown in Fig- 
ure E 

4.1. Early Spectral Evolution 

SN 201 lei evolved rapidly in its pre-maximum light op- 
tical spectra. The earliest spectrum [t — —14 d; Fig- 
ure [8]) shows strong Type Il-like hydrogen P-Cygni fea- 
tures. The Ha profile exhibits a 'saw-toothed' shape, ris- 
ing steeply from a minimum at 6220 A (-16,000 kms^i) 
to a maximum at 6395 A. Redshifted emission extends to 
approximately 7000 A (4-19,000 km s"i). In Figure El 
two SYNOW synthetic fits to the t — — 14 d spectrum of 
SN2011ei are shown: one a complete model, and the 
other using only hydrogen. The H/3, H7, and He ab- 
sorptions are fit reasonably well with a velocity of 14,500 
km s^^. Additional features in this spectrum arc fit with 
Ca II, Na I, and Fe II. Attempts to produce satisfactory 
fits of the Ha profile failed, likely due to the LTE and 
resonance scattering assumptions of SYNOW. 

* Software was retrieved from https://c3.lbl.gov/cs/ 
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Figure 9. Expansion velocities of prominent ions in the spectra of 
SN 201 lei determined from SYNOW fitting. Uncertainties in velocity 
estimates are ~ 500 km s~^. The identification of high- velocity 
(HV) H I is poorly constrained since it is observed only in Hq. 

In the next two spectra on t — —IQ and t = — 6 d, the 
prominent Ha emission profile subsides and the spectra 
instead exhibit conspicuous He absorptions usually asso- 
ciated with SNe lb. The continuum becomes increasingly 
blue and the He I A5876, A6678, A5016, and A7065 lines 
appear but are weak and narrow. Blueshifted absorp- 
tion of the Ha line around 6250 A develops two minima. 
The center of the trough sits around the observed wave- 
length of 6300 A so contamination from the [O I] A6300 
night sky line is possible. However, the peak between the 
two absorptions is fairly strong and shows a distribution 
as opposed to a narrow, unresolved line associated with 
telluric emission. 

The 6250 A feature was modeled using two components 
of hydrogen at velocities of ~17,000 km s~^ and 14,000 
km s~^. Though two distinct absorptions are observed 
around Ha, only one conspicuous absorption is observed 
around H/3. The SYNOW fit confirms that two components 
of hydrogen with a velocity difference of ~ 3000 km s~^ 
blend together and manifest as a single feature in all 
Blamer lines except Ha. Attempts to fit with other ions 
such as Si II, Ne I, and C II introduced inappropriate 
features elsewhere in the synthetic spectra and/or were 
at velocities well below the photosphere and were consid- 
ered unsuccessful. The properties of this absorption as 
observed in SN 201 lei and a number of stripped-envelope 
events is explored further in Section 

From t = —Q to t = -|-3 d, the He I lines 
strengthen. High-velocity calcium absorption is not de- 
tected in the early spectra, which is interesting given 
that it has been reported at these epochs in several SNe 
lib and lb inclu ding SN1999ex, SN2005bf, SN2007Y 
and S N2008ax (iStritzinger et all 120021: iFolatelli et all 
[2OOI iStritzinger et al.l I20090 . but not in SN2008D 
(jModiaz et al.ll2009D . Emission around 8700 A associ- 
ated with the infrared Ca II triplet is noticeable shortly 
after maximum light and then gradually strengthens in 
the following months. 

Additional ions outside of H I, He I, Ca II, Na I, and 
Fe II were introduced to the synthetic spectra to model 
the i = 39 d spectrum. The most conspicuous change 
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is O I absorption around 7600 A. Additional absorptions 
are fit using a blend of S II features around 5200 A, 
Si II A6355, and Ba II A6142 and A6496, however, their 
removal do not change any conclusions reported here and 
are not considered significant. 



(jHouck fc Fransson|[T99l) . 
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Figure 10. Late-time emission line profiles of SN 2011ei from the 
t = 97 d spectrum. Instances where line profiles are contaminated 
by emissions from other lines are indicated. 

The evolution in the expansion velocities for the most 
prominent ions in SN 201 lei as estimated from the SYNDW 
fitting is shown in Figure [9l Some noteworthy trends are 
observed. The high-velocity hydrogen shows almost no 
change over all of the sampled epochs, and the second, 
lower-velocity hydrogen component shows a slight drop 
before leveling out after maximum light. The remaining 
ions He I, Ca II, and Fe II show velocities that drop most 
steeply before maximum light, after which the rate of 
velocity change decreases. The expansion velocities of 
the He I and Fe II ions closely follow each other. 

4.2. Nebular Phase Spectrum 

Starting with the t = 74 d spectrum, emission from 
forbidden transitions is apparent and SN 201 lei begins 
to enter the nebular phase. The broad sa6250 A absorp- 
tion is no longer observed and in its place is an emission 
feature associated with [O I] AA6300, 6364. Prominent 
emission from [O I] A5577, [Ca II] AA7291, 7324, and 
O I A7774 is also observed, typical of other SNe at these 
epochs. Mg I] A4571 is not observed, possibly because of 
line blending with Fe II and/or low ionic fraction. 

In Figure [TOl emission line profiles of the t = 97 d 
late-time spectrum of SN 201 lei are enlarged and plot- 
ted in velocity space. All oxygen emissions show a slight 
bulk blueshift (w -600 km s"!). The fairly broad [Ca II] 
AA7291, 7324 emission has a flat top centered around zero 
velocity (assumed to lie around 7306 A), with a blueward 
ledge that is probably a combination of He I A7065 and 
[Fe II] A7155. Redshifted [O I] AA6300, 6364 emission 
blends with Ha emission attributable to high- velocity hy- 
drogen gas interacting with dense circumstellar material 
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Figure 11. Early spectra of SN 2011ei compared to those of other 
SNe lib and lb. Sp ectra have been nor malized according to the pro- 
cedure outlined in lJefferv et al.l 120071 ) to aid in visual comparison. 
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Figure 12. Late-time optical spectra of SN2011ei compared to 
spectra of SN 2008ax ( Milisavljevic ct al. 2010) and SN 2008D 
IIModiaz et al.ii2009i ). O I A8446 may contribute to strong emis- 
sion observed around the Ca II infrared triplet. 



4.3. Comparison to SNe lib and lb 

SN 201 lei shares spectral properties with many SNe 
lib and lb. Selected examples are plotted in Figure [TTJ 
The earliest spectrum {t = —14 d) shows close similar- 
ity to that of SN2007Y (jStritzinger et al.ll2009[ ). Both 
SNe exhibit a rarely-observed, extended, high-velocity 
Ha profile that dominates the spectrum. However, 
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Figure 13. Evidence of two-component absorption centered near 
f» 6250 A for SN 201 lei. SN 199 3J (Mathcson ct al. 2000), and 
SN2001ig ISilverman et al.ll200gf) . Phase is with respect to V- 
band maximum. The dashed box highlights the region around Ha 
where the absorption is observed. 

SN 201 lei does not have the broad calcium absorption 
seen m SN2007Y around 8400 A, nor does it show the 
pronounced features between 4000 — 5000 A associated 
with Fe II and He I. A likeness between SN 201 lei and 
SN 2003bg is also seen (jHamuv et al.ll2009l : iMazzah et al.l 
[20091) . In this case, the Ha profiles are comparable, 
but SN 2003bg shows a blueshifted absorption associ- 
ated with higher velocities (~ 20,000 km s~^) and dis- 
tributed more gradually. As with SN 2007Y, the features 
blueward of 5000 A are more pronounced in SN 2003bg 
than in SN 201 lei. 

Approximately one week before maximum light, when 
the Ha emission is no longer conspicuous in SN 201 lei, 
its spectra resemble those of SNe lib from compact 
progenitors and SNe lb exhibiting absorption around 
« 6250 A. Shown i n Figure 1111 (middle section) is the 
Type lb SN2005bf (|Folatelli etal.ll2006l ) early in its un- 
usual late-peaking light curve , and the Type lib SN 
2008ax (Pastorello 'et all I2008D at i = -6 d. By the 
time of maximum light and in the months that follow, 
SN 201 lei continues to exhibit spectral properties con- 
sistent with those of SNe lb. Other exa mples plotted in 
FigurefTD ( bottom section) are SN 1983N (iHarkness et al.l 
[1987) and SN2000H (retrieved electronically via SUS- 
PECT courtesy of the Asiago SN Group). Among all 
the SNe lib and lb examined, SN2011ei has among the 
narrowest line features, particularly in its hydrogen and 
helium lines. 

The overall emission properties of SN 201 lei at nebu- 
lar epochs are also quite similar to those of SNe lib and 
lb. This is clear in Figure [T^ where the t = 97 d spec- 
trum of SN 201 lei is compared to spectra of SN2008D 
and SN2008ax at similar epochs. However, one notice- 
able difference is that [Ca II] AA7291, 7324 emission 
in SN 201 lei is broader and more box-like compared to 
those of other SNe. Box-like profiles are associated with 
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Figure 14. Time series spectra of SN 201 lei in the region of Ha 
showing evidence for two-component absorption evolution. The 
dashed lines mark the individual components. 



emission from material arranged in a thick shell. 

In contrast with some stripped-envelope events like 
SN 2008D and SN 2008ax that show conspicuous, mul- 
in their \0 l[ AA6300, 6364 emission 



(see, e.e.. iMazza 


i et al. 


20091 iMaeda et al. 


2008 


Milisavlievic et al.l I2010D. 



I2005t iModiaz et al.l 
iTaubenberger et al.l 



2008 



2009; 



ous line substructure is observed in SN2011ei. However, 
SN2011ei is not fully nebular in the presented spectrum, 
and some SNe lib and Ibc do not show str ong asymmet- 
ric p eaks until i > 200 d (e.g., SN2009jf; iValenti et aP 
120111 ). A smah absorption in the [O I] AA6300, 6364 pro- 
file around 6305 A is suggestive of clumpy ejecta. How- 
ever, the profile may be infiuenced by the high- velocity 
Ha a bsorption observed at early epochs (jMaurer et al.l 

[2oToh . 

The spectroscopic similarity of SN 201 lei to other SNe 
lib and lb permits an estimate to be made of the mass of 
hydrogen contained in the thin H-rich en velope surround- 
ing the progenitor star prior to outburst. iJames fc BaronI 
pOlO) investigated the Type lb SN 1999dn and SN 2000H 
using the non-LTE (NLTE) stellar atmospheres code 
PHOENIX. They derived estimates of Mh < 10"^ Mg and 
Mh ^0.2 Mq for these SNe, respectively, assuming solar 
metallicity. The strength and duration of Ha line absorp- 
tion observed in SN2011ei falls in between these events, 
suggesting an H mass in the region of ^ 0.01 Mq. This 
estimate is consistent with recent radiati ve transfer mod- 
els ca rried out in NLTE conditions by iHachinger et al.l 
(|2012f l who find that the H mass that distinguishes be- 
tween SN lib and lb to be 0.025 - 0.033 Mq. Our esti- 
mate also places SN2011e i in the same range of H mass 
estimates for SN2008ax ([Chornock et al.ll201lD , which 
shares many spectroscopic similarities. 

4.4. Multi- component Absorption Due to Hydrogen 
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Figure 15. VLA radio light curves of SN 2011ei are shown at fre- 
quencies spanning 3.1 to 25 GHz. At the best sampled frequency, 
5 GHz, we find evidence for a secondary maximum at Atcxp ~ 80 
days that is also seen in the 8.4 GHz light curve. 

The two-minima absorption observed around 6200 — 
6300 A is not unique to SN2011ei. In Figure [T^ we 
show spectra of SN2011ei, SN 1993J and SN2001ig that 
illustrate how these events all share broad absorption 
suggestive of two components. The epochs at which this 
phenomenon is visible ranges considerably from < = 33 d 
in SN2001ig, to t = 19 d in SN1993J, to t = -6 d in 
SN2011ei. In the case of SN2011ei, there is clear evolu- 
tion in the relative strength of the two components. The 
blueward absorption is observed first, then the second, 
redward absorption appears and increases in strength 
(see Figure 

The interpretation of the two-component feature is 
not clear. Its nature in SN 1993J has been investi- 
gated thoroughly using SYNO W spectral fitting and NLT E 
modelin g (Baron et al. 1994. [19951: [Zhang et al.|[T995bllal : 
IZhang fc Wangiil996i) . Suspected origins include ejecta 
asymmetry, mixture with Fe II or Si II lines, and a com- 
plicate d two-componen t density structure in H-rich ma- 
terial. iJames k, BaronI ()201G) found that they were un- 
able to model a similar two-component feature in the 
Type lb SN2000H and attributed it to be due in part 
to interaction with circumstellar material (GSM). They 
cited a quickly-fading Na I D feature between two spec- 
tra obtained around maximum light as evidence for en- 
vironm ental interaction. More recently, iHachinger et al.l 
(|2012f ) attributed the feature in SNe lib and lb to a blend 
of high- velocity Ha and Si II. 

Multi-component absorption may be a common phe- 
nomenon across supernova types and emission lines. For 
example, evidence for two components of high-velocity 
hydrogen absorption has been seen in ear ly spectra of the 
Type lb SN 1999dn (jBenetti et al.ll201lD , as well as the 
Type lib SN 2011dh during the first month following out- 
burst (H. Marion, private communication, 2012). Multi- 
component absorption has also be recognized in the com- 
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Figure 16. The evolution of the radio spectral indices spanning 3 
to 8.4 GHz are shown. The early radio emission is optically thick, 
Fu oc u^, but gradually evolves to an optically thin spectrum, 
oc 

plex evolution of broad Si II A6355 and Ca II HfcK 
absorption features in Type la supernovae (|Folev et al.l 
[20T1II20TI . 

4.5. Explosion Site Metallicity 

Possible metallicity differences between SN subtypes 
and their relation to progenitor sy stems is currently 
an active area of investigat ion (e.g ., 'Prieto et al. 2008|: 
Arca.yiet all l2010t lAnderson et al.l [2010: Modia z et al 



2011UKellv fc Kirshneril2011HSanders grall[20lf) . This 



motivated estimates of the metallicity of the host envi- 
ronment region of SN2011ei to be made. Because no 
strong narrow nebular lines were observed in the spectra 
aside from a relatively weak detection of Ha, an emis- 
sion line region located « 3'.'4 (w 470 pc) north from 
SN 2011ei in our 2011 November 17 observation was ex- 
tracted. From this spectrum, nebular emission lines of 
Ha, H/3, [N II] AA6548, 6583 and [O III] AA4959, 5007 
were clearly detected and their relative strengths mea- 
sured after correcting for extinc tion. 

From the 03N2 diagnostic of iPettini fc Pagell (j2004D . 
we estimate an oxygen abundance of log(0/H) -I- 12 = 
8.44. A slightly higher value of log(0/H) + 12 = 8.57 is 
determined using their N2 diagnostic. The statistical un- 
certainty in these metallicity estimates is much smaller 
than the systematic error associated with the diagnos- 
tics; e.g. ~ 0.07 dex for the 03N2 diagnostic, as de- 
termined by IKewlev fc EllisoiJ ()2008D via comparison to 
other strong line abundance indicators. 

Adopting a solar in etallicity of log(O/H)0 -I- 12 = 8.69 
(jAsplund et al.l I2005D , our measurement suggests that 
the environment of SN 201 lei has a sub-solar metallic- 
ity of around Z « 0.6 Zq. We note that this result is 
not unlike su b-solar metallicities estimated for other SNe 
lib (see, e.g..lKellv fc Kirshneri[20Tlt [Modiaz et al.][2QTTI: 
ISanders et al.ll2012l ). 
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5. RADIO AND X-RAY DIAGNOSTICS 

5.1. Radio Light Curves, Forward Shock, and Magnetic 

Field 

While optical data probe the thermal emission from the 
slow moving bulk ejecta, non-thermal synchrotron emis- 
sion in the radio is produced as the forward shock races 
ahead and dynamically interacts with the CSM. Radio 
observations can thus provide unique information about 
the progenitor star's mass-loss history several years to 
centuries immediately prior to outburst. 

We show the observed radio light curves of SN2011ei 
in Figure 1151 The radio light curves show flux density 
variations of a factor of '-^ 3 with a 5 GHz peak lumi- 
nosity, « 6.2 X 10^^ erg s~^ Hz~^, approximately 
23 days after explosi on. Compared to other SNe lib and 
Ibc (e .g., SN2011dh: [Soderberg et aI1[20Tll : iKraiiss et al.l 
|2012| ). the peak radio emission from SN 201 lei is fairly 
weak. Approximately 40 days after outburst, the ra- 
dio emission decays steeply at all frequencies, then rises 
again to a second maximum ~ 3 months post-explosion. 

As the forward shock expands into the surrounding 
environment, electrons are accelerated to relativistic ve- 
locities with a distribution, iV(7e) oc 7^*^, where 7e 
is the Lorentz factor of the particles. Amplified mag- 
netic fields cause the shocked electrons to gyrate and 
emit synchrotron emission detectable in the cm-band 
on a timescale of days after the explosion ()Chevalieii 
119821 ). A low frequency spectral turnover has been ob- 
served for radio SNe Ibc and lib attributed to syn- 
chrotron self- absorption defining a spectral peak, I'a, and 
characterizes the spectrum as F^, oc i^^^^ below Va and 
Fi, oc h'^^P^^y^ above Va- At the epoch crosses each 
observing band(s), the radio light curve reaches maxi- 
mum intensity. 

In Figure 1161 we show the radio spectral indices in 
adjacent bands spanning 3 to 8 GHz for SN2011ei. The 
early radio emission is absorbed with F^ oc while the 
later emission is optically thin with approximately F^ « 
, implying p w 3. As shown in Figure [TSl the 5 GHz 
light curve peaks on 2011 August 17 (Atcxp ~ 23 days) 
with a flux density of F^^^ « 560 /iJy. Adopting y — Z, 
we estimate the time-averaged velocity, v = R/ At, of the 
forward shock to be, 

V « 0.14c X (ee/eB)-'/''(F,,p/ u,iyf'^^ 
X (d/10 Mpc)i8/i9(z/p/5 GHz)-i 
X (tj,/10 days)-\ (3) 

or w w 0.13c (see lChevalier fc Franssoiil [20061 ). 

Here we have assumed that half of the volume enclosed 
by the forward shock is producing synchrotron emissior0, 
and te and e b represent the efficiency of the shock wave 
in accelerating electrons and amplifying magnetic fields, 
respectively. We have further assumed that the shock 
is in equipartition (defined as eg — e^). The inferred 
shock wave velocity for SN2011ei is in line with the ve- 

^ Very long baseline interferometry radio images of SN 1993 J sug- 
gested a spherical shell structure with a shell thickness 20-33% of 
the outer radius (Bietenholz et al. 2011; Marti- Vidal et al. 2011), 
in which case 49-70% of the volume enclosed by the forward shock 
is filled with radio emission. However, possible small scale dumpi- 
ness within this geometry could lower the effective radio-emitting 
volume. 



lo ci ties derived for SNe Ibc and compact progenitor SN e 
lib (|Chevalier fc SoderberdlMotlSoderberg et aLllMll) . 
and higher than those inferred for extended progenitor 
SNe lib and SNe of Type IIP dC hcvalicr 1998). 

Following 'Chevalier fc Fransson (2006), we find the 
strength of the amplified magnetic field [B) for the radio 
emitting material to be 

B « 0.68 X G(ee/eB)-4/i9(i;^^^p/ mJy)-^/!^ 

X (d/10 Mpc)-''/i^(fp/5 GHz), (4) 

or _B w 0.6 G for equipartition. 
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Figure 17. The 5 GHz light curve for SN2011ei is compared to 
those of other radio supernovae including the Type lib SNe 2001ig 
I Ryder et al. 2004), SN 2003bg (Soderberg et al. 2006), SN2008ax 
(Roming ct al. 2009), and the GRB-associated Type Ic SN 1998bw 
(Kulkarni ct al. 1998). Each of these SNe shows variable radio 
emission that deviates from the expected decay as roughly Fy oc 
. In particular, all of these events show second maxima within 
a few months of the explosion. 



5.2. Mass-loss Rate and Evidence for an 
Inhomogeneous Wind 

Finally, we consider the mass-loss rate of the progeni- 
tor system. As shown in Figure [TSl the radio light curves 
for SN 201 lei do not decline as a power-law following 
maximum light, but instead show evidence for a sec- 
ondary maximum at « 80 days post-outburst. As noted 
in Chevalier fc Soderberg (2010), secondary maxima are 
common among SNe lib. Assuming the dominant ab- 
sorption process is synchrotron self-absorption as sug- 
gested by Figure [TBI the time averaged mass- loss rate M 
from the progenitor star can be estimated as 

M«0.38 Mq yr"^ 

X (eB/0.1)-i(ee/eB)-'/^^(F,,p/ mJy)-^/!^ 

X {d/10 Mpc)-«/i^(^p/5)2(tp/10 days)2, (5) 

for a win d velocity of v^|, = 1000 km s^^ typical for a 
WR star (jChevalier fc Franssonl[200l . 

For reasonable values of eg = es = 0.1 we find 
M w 1.4 X 10"^ Mgyr^^ We note that this is a 
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lower bound on the inferred mass-loss rate from the pro- 
genitor system. Lower values of the partition fractions 
and deviations from equipartition (see, e.g., SN 1993J; 
iFransson fc BiornssonI 11998) only serve to increase M. 
Compared to other SNe lib and Ibc, the mass-loss rate 
inferred for SN 201 lei is similar (within an order of mag- 
nitude) . 

As seen in Figure 1171 radio light curve variations 
observed similar to those observed in SN2011ei have 
been detected for other SNe lib inclu ding SN2001i g 
(|Rvder et al.l[200l and SN 2008ax (Roming et al.ll2009|L 
the broad-lined event SN 2003bg (Soderberg ct al] 
120061). as well as the GRB-associated SN1998bw 
( Kulkarni et al.l [19981) . These fluctuations are not dis- 
similar in both timescale and amplitude, and have been 
reasonably explained in terms of density modulations 
in the pre-exp losion environmen t shaped by the pro- 
genitor svstein (iRvder et al.ll2004l: iSoderberg et al.ll2006l: 
iRoming et al.ll2009D . 

We adopt a model in which the radio modulations 
are simila rly due to circ u mstel lar density variations. As 
shown in Wellons et al.l (|2012[ ). the optically-thin syn- 
chrotron emission scales with the number density of 
shocked electrons as Fy (x ioi p — i. Thus, assuming 
a constant compression factor by the forward shock, we 
find that the circumstellar density modulations scale sim- 
ilarly. Given the factor of 3 in flux density modulations 
observed for SN2011ei, we infer a factor of ^ 2 jump in 
the circumstellar density at a radius r ~ 2 x 10^^ cm. 
Attributing this effect to a variation in the progenitor 
wind of the progenitor star implies an ejection timescale 
of ~ 7 (fm/10'^ km s~^) yr prior to outburst. 

It is intriguing to note that radio modulations have also 
been observed in r elativistic, engine-driv e n SNe including 
GRB -SN 1998bw (iKulkarni et all |l998!; i Li &: Chevalierl 
11999( 1 and SN 2009bb (Bietenholz et al. 2010). In these 
cases, the flux density modulations have been attributed 
to energy injection from the central engine. However, 
given the resemblance to the observed compact progeni- 
tor Type lib radio modulations, we speculate that CSM 
density fluctuations on radial scales of < 10^^ cm may 
be common among stripped-envelope SN explosions. 

5.3. Limits on Inverse Compton X-ray Emission 

For hydrogen-stripped SNe exploding in low density 
environments, the dominant X-ray emission mechanism 
during the first weeks to a month after the explosion 
is Inverse Compton (IC: [Biornsson fc Franssonl 120041 : 
iChevalier fc FranssonI 120061 )^ In this framework, X-ray 
photons originate from the up-scattering of optical pho- 
tons from the SN photosphere by a population of elec- 
trons accelerated to relativistic speeds by the SN shock. 
X-ray IC depends on the density structure of the SN 
ejecta, the structure of the CSM, and the details of the 
electron distribution responsible for the up-scattering, 
but does not require any assumption on magnetic field 
related parameters and it is not affected by possible un- 
certainties on the SN distance. Thus, limits on X-ray 
emission can provide information on the pre-SN mass- 
loss history of the progenitor independent of our radio 
analysis. 

Using the reconstructed bolometric luminosity and the 
derived explosion parameters {M^j ~ 1.6 M© and Ek ~ 



2. 5 X 10^^ erg), and ado pting the formalism discussed 
in iMargutti et al.l ()2012D , we estimated the progenitor 
mass-loss rate via X-ray IC. We assumed (i) the fraction 
of energy into relativistic electron s was = 0.1 as indi- 
cated by well studied SN shocks (Chevalier fc Franssonl 
l2006f l. (ii) a power-law electron distribution N{"fe) = 
noj~P with p = 3 as indicated by radio o bservations of 
SN Type Ibc (jChevaher fc Franssonl |2006[ ). (iii) a wind- 
like CSM that follows pcsM oc as expected from 
a star which has been losing material at constant rate 
M, and (iv) that the outer density structure scales as 
/9rn o c R~" with n ^ 10 (see e. g., iMatzner fc McKe"3 
[19991: IChevalier fc Franssonl |2006| ). We find that the 

Chandra non-detection implies M < 2 x 10"'' Mq yT~^, 
for wind velocity Vw = 1000 kms~^. This calculation 
is consistent with the properties derived from our radio 
analysis (Section l5^ . 

6. DISCUSSION 
6.1. The Progenitor of SN 201 lei 

The early onset of helium-rich features in the optical 
spectra of SN 201 lei and the evolution of its bolomet- 
ric light curve are consistent with model explosions of 
He core stars with pre-supernova masses of ~ 3 — 4 Mq 
(|Shigevama et al.lll990l : [Wooslev et al.lll995[ ). The initial 
presence and subsequent rapid disappearance of hydro- 
gen suggests the progenitor star still retained a thin hy- 
drogen envelope of mass 0.01 Mq immediately prior 
to outburst. In this framework, the progenitor star of 
SN 201 lei underwent an iron core-collapse resulting in 
an outburst with Ek ~ 2.5 x 10^^ erg and ejecting some 
^1.6 Mq of material. 

Our inferred Ni mass of 0.03 ± 0.005 Mq for SN 2011ei 
is on the low end of Ni masses derive d for other stripped- 
envel ope events (~ 0.05 — 0.15 Mq : iTaubenberger et al.l 
1201 Ih . A low Ni mass yield is consistent with the ex- 
plosions of lower-mass He star progenitors that have 
small iron cores (< 0.15 Mq) and eject consid- 
erably le ss material compared t o their larger coun- 
terparts fShi gevama et al.l 119901 : iHachisu et al.l [1991). 
Lower-mass He stars are also predicted to undergo 
more extensive mixi ng compared to higher-mass stars 
(jHachisu et al.l 119911 ). The helium and iron expansion 
velocities determined from our synthetic spectral fits to 
SN2011ei are quite similar (see Figure [Hj), and thus are 
in agreement with the emitting ejecta being well-mixed. 

Several properties of WR stars make them a plausible 
candidate progenitor for SN2011ei: (i) WR stars are be- 
lieved to be likely progenit ors of at least some SNe lib 
and Ibc (jHeger et al.l 120031 ) . (ii) some subtypes of WR 
stars (e.g., the WN class) h ave an observable am ount 
of hydrogen at their surface ([Hamann "eFallllMI) . (iii) 
the radio-derived mass- loss rate of SN 201 lei is con- 
sistent with the observed rates f or Galactic WR star s 
(10-4 < M < 10-6 Mq yr-i; IHamann et alWoIM ). 
and (iv) the radius inferred from the early photome- 
try {R^_2±J^_>L.^^^^ cm) is consistent with those of WR 
stars (jCrowther 2007). The putative WR star could have 
evolved originally from either a single star with a high 
main sequence mass of ~ 25 Mq, or a lower-mass star 
with main sequence mass ^ 10 — 15 Mq in an interacting 
binary system. Metal-poor environments are associated 
with weaker line-driven winds (,Vink fc de Koter.,2005.) . 
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so SN 2011ei's slightly sub-solar metallicity suggests close 
binary evolution may be a more likely channel. 

The physical origin of the radio light curve variations 
and the inferred inhomogeneous wind is not clear. In- 
terestingly, not all radio SNe show this behavior. For 
instance, several well-studied examples exhibit smooth 
light curve evolutio ns, including the Ty pe lib SNe 
1993 J and 201 Idh (Ivan Dvk et al.l 119941: (Bartel et al] 
[200a IKrauss et all I2012D . and the Type Ic SN2003L 
(jSoderberg et al.l 120051 ). among others. Thus, some as- 
pect of the progenitors of stripped-envelope events like 
SN 201 lei (see Figure ITTI) produces variability in the 
winds of the progenitor systems on the timescale of '~ 10 

yr- 

Luminous blue variables (LBVs) have been suggested 
as possible progenitor stars given that they share many 
characteristics of WR stars and can undergo occasional 
giant eruptive events that play a major role in remov- 
ing the H-rich envelope on timescales that are consis- 
tent with_Sr£20]Ters_radio light curve variability (see, 
e.g.. lKotak fc Vinkll2006l) . However, SNe lib and lb pro- 
genitors appe ar to be l ess massive and more compact 
than LBVs (S oderberg e t al. 2006). Ultimately, although 
LBVs may not represent the evolutionary state immedi- 
ately prior to outburst, LBV- like eruptions may provide 
the dominant method of strip ping the H-rich e nvelope at 
low metahicity for WR stars (|Crowtheijl2007f) . 

6.2. Classification Confusion: lib vs. lb 

At the earliest epochs observed, SN 201 lei exhibited 
emission properties consistent with a Type II classifica- 
tion. However, by the time of maximum light, SN2011ei 
closely resembled many SNe lb (see Figure ITT]) . Thus, 
had optical spectra of SN 201 lei been obtained less than 
a week later than our earliest spectrum, its early Ha 
emission would have been missed and the SN likely clas- 
sified as Type lb event. 

Two important lessons come from this rapid spectral 
evolution. One is that absorption around 6250 A in 
SNe lb can be interpreted as a clear signature of hydro- 
gen. High-velocity hydrogen has long been suspected in 
SNe lb spectra, but direct identification has been largely 
circumstantial because it has most often only been ob- 
served as absorption in the region of Ha. However, there 
are now at least two other well-observed cases where 
the transition of an Ha profile showing broad emission 
has been monitored through to conspicuous absorption 
around 625 A: SN2007Y (IStritzinger et al.ll2009l) . and 
SN 2008ax (jChornock et al.ll201lD . In ah cases the sub- 
sequent absorption features observed are of the same ve- 
locity and equivalent width of absorptions observed in a 
number of SNe lb (see Figure [TT]). 

The second lesson is that the rapid disappearance of 
Ha emission in the early spectra of SN 201 lei under- 
scores a classification ambiguity. Namely, in some cases, 
whether an event is classified as Type lb or lib depends on 
how early the first spectrum is obtained. Consequently, 
criteria that take into account the possibility of tempo- 
ral selection effects should be developed to distinguish 
between SNe lib and lb. An unambiguous classification 
scheme is crucial if precise rates of SNe lib vs. lb events 
are to be estimated. 

One possible spectral diagnostic to distinguish between 
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Figure 18. Spectra of SN2011ei and the Type lb SNe 1998dt 
and 1999dn (Matheson et al. 2001). The relative strength of He I 
A5876 absorption (observed near 5700 A) to that of Ho absorption 
(observed near 6250 A) could be used as a diagnostic to distinguish 
between Type lib and lb events. 

SNe lib and lb may be the relative strength between 
absorption features around 6250 and 5700 A. In Fig- 
ure [iHl spectra of SN 201 lei and the Type lb SN1998dt 
(|Mathcson ct al. 2001) obtained around the time of max- 
imum light are plotted. Both share very similar spec- 
tral features outside of the conspicuous Ha absorp- 
tion. Also plotted in Figure [18] are later-epoch spectra 
of SN 201 lei and the prototypical Type lb SN 1999dn 
([Matheson et al.ll2001[ ). Again, all spectral features are 
largely identical outside of absorptions around Ha and 
H/3. This pattern is observed in other SNe lib as well; 
e.g., SN1993J and SN2001ig (see Figure [13]). Thus, a 
Type lib event may distinguished from a Type lb by 
an Ha absorption comparable to He I A5876 around the 
time of maximum light. This could be defined explicitly 
as EW(Ha) /EW(He I A5876) > 0.5 within a few weeks 
of maximum. 

7. CONCLUSIONS 

We have presented X-ray, UV/optical, and radio obser- 
vations of the He-rich, stripped-enveloped, core-collapse 
SN2011ei beginning within ~ 1 day of explosion. The 
key findings of our analyses can be summarized as fol- 
lows: 

1. SN 201 lei was a relatively faint supernova with 
properties consistent with the outburst of a He- 
core star that suffered modest episodic mass-loss. 
We suggest that a 3 — 4 Mq WR star of radius 
i?* ~ 1 X 10"'^^ cm that retained a thin hydrogen 
envelope immediately prior to outburst is a plausi- 
ble candidate progenitor for SN 201 lei. The explo- 
sion had an energy Ek ~ 2.5 x 10^^ erg, ejected 
some ~ 1.6 Mq of material, and had a peak bolo- 
metric luminosity of L^oi ~ 7 x lO^^ergs"^. Ra- 
dio light curve fluctuations in SN 201 lei suggest 
quasi-periodic mass-loss episodes prior to outburst. 
These inhomogeneities are similar to a subset of 
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other radio SNe and comphcate the standard pic- 
ture for smooth radiation-driven stellar winds. 

2. High-velocity hydrogen is not rare in SNe lb. Iden- 
tification of hydrogen in Type lb spectra has been 
largely circumstantial because it has most often 
only been observed as absorption around Ha. In 
SN2011ei, however, the transition of hydrogen 
emission through to absorption was closely mon- 
itored to identify its origin unambiguously. This 
evolution supports notions of a spectroscopic se- 
quence bridging SNe lib, SNe lb that have deep 
Ha absorptions, and typical SNe lb via a common 
progenitor scenario potentially rooted in differences 
in the hydrogen envelope mass. Whether this has 
origins in binary interaction and/or strong stellar 
winds is not clear, but circumstantial evidence sug- 
gests stellar duplicity plays a role in at least some 
cases. 

3. Time- dependent classifications of SNe lib and lb 
bias estim ates of their explosio n rates. Like 
SN2007Y (IStritzineer et all l200l and SN 2008ax 
([Chornock et al.ll201lD . SN2011ei was caught early 
enough to observe a rapid evolution from Type II to 
Type lb features in its pre-maximum light spectra. 
While SNe lib have traditionally been understood 
to undergo this transformation on the timescale of 
months, examples such as SN2011ei establish that 
the metamorphosis can occur on the timescale of a 
few days. Consequently, how close an observation 
is made relative to the time of explosion is a signif- 
icant factor in a Type lib vs. lb classification, and 
this has implications in determining precise rates. 

Study of SN 201 lei shows that defining SNe lb solely 
on the absence of hydrogen can lead to a classifica- 
tion confusion. There is no clear separation of SNe 
lib vs. lb for at least a subset of these events. In- 
stead, it is a gradual transition depending on remain- 
ing hydrogen mass. Along similar lines, the cur- 
rent definition of SNe Ic as lacking both hydrogen 
and helium lines may require revision. It is com- 
mon practice to model SNe Ic in t erms of core- 
collapse in bare carbon-oxygen cores (llwamoto etahl 
[1991 iFolev etall [200l iMazzah et alll2004[ ). However, 
there have been many reports of hydro gen and helium 
in SNe Ic (iFihDDenk o'l 98g, 1992 ; Filip penkq et al.llT990l : 
iJefferv et al.lll991l: [Branch et al.|[200ll20060 . and manv 
objects exhibit properties that bridge SNe lb a nd Ic 
subtypes; e.g., SN2008D (iSoderberg et all [2001) . and 
SN2009jf (IValenti et al.l[20m 

Thus, similar temporal selection effects may be at the 
root of uncertain line identifications in SNe lb and Ic. 
We recommend that multi-wavelength data suites like 
the one presented here could help resolve these ambigu- 
ities. Investigations of new SNe Ibc should incorporate 
high-cadence (~ 2 day) spectroscopic and photometric 
monitoring in the UV/optical commencing within days 
of explosion, and be coordinated with follow-up X-ray 
and radio observations. From these panchromatic data, 
unique information about the progenitor star's poorly 
understood evolutionary state and associated mass-loss 
in the days to years prior to SN outburst can be ex- 
tracted. Accumulation of even just a handful of addi- 



tional objects studied in this way could establish fresh 
new insights into the nature of stripped-envelope SN ex- 
plosions. 
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